Aqueous electrolyte solutions under the influence of a temperature gradient can generate thermoelectric fields, which arise from different responses of the positive and negative charges. This is related to the thermodiffusion effect which is quantified by the ionic heat of transport and the thermal diffusion coefficient. When a solution is confined between two metallic electrodes with different temperatures, it is expected to measure the electrostatic potential difference due to the thermoelectric field. We performed experiments in aqueous electrolyte solutions, and our results show that a thermoelectric field appears instantly in the solution as the temperature difference between the electrodes stabilizes. This field arises from the trend to separate both ionic charges in the temperature gradient. The experimental results also show that a slow change in the potential difference is observed, which is related to thermodiffusion in the entire cell. These results are important to understand how the thermoelectric response can be optimized, given the broad interest in the literature to generate thermoelectric energy from thermoelectric cells.
I. INTRODUCTION
The thermoelectric effect is observed when a temperature gradient exists in an aqueous solution with dispersed charged species. The ions diffusion response to the temperature gradient creates a concentration gradient and induces a thermoelectric field. A potential difference develops between two points in the liquid with different temperatures [1, 2] . In aqueous electrolyte solutions, the difference between the thermodiffusion coefficients of cations and anions is one of the sources to the thermoelectric field [3] [4] [5] . A simple way to prove this effect is to perform experiments in a thermoelectric cell, where the electrolyte solution stays between two metallic electrodes at different temperatures [6] [7] [8] [9] . The ratio between the electric potential drop or thermovoltage △V, as measured between the electrodes, and the applied temperature difference △T defines the Seebeck coefficient S = −△V/△T . Recently, some studies have reported expressive values (as high as 10 mV/K) for S in nonaqueous electrolyte solutions [7, 10] after optimization of the electrode/liquid interface [11, 12] . Some theoretical studies have been developed to predict S values in aqueous electrolytes, assuming the knowledge of the thermal diffusion coefficient or the heat of transport of different ions in solution. A noteworthy equation, which relates the Seebeck coefficient to ion thermodiffusion, is S = (α + − α − ) k B /e and was worked out by A. Wurger [1, 5] , where k B is the Boltzmann constant, e the electric charge, and α i = Q * i /2k B T are the singleion Soret coefficients of ions related to the heat of transport Q * i as obtained by Agar et al [3, 13, 14] for ions in water, and i represents anions and cations. This result was obtained considering the stationary state of ion diffusion in the liquid as due to a temperature gradient.
Whereas this theory predicts S values to be in the range 0.05-0.3 mV/K for different aqueous electrolytes, the thermoelectric experiments usually give S values much higher than 0.3 mV/K, even if common salts such as NaCl are used as electrolytes [7] . The stationary state is often considered in ion thermodiffusion due to the lack of a consistent description of charge dynamics in solution. Recently, Stout and Khair [15] analyzed theoretically a thermoelectric cell filled with an electrolyte and obtained time-dependent expressions for thermovoltage and ion distribution in the cell. Their main results show that for typical experimental parameters (distance between electrodes about 1 mm and ion concentrations around 10 mM), the time of the thermoelectric response from charge separation is below 1 microsecond, after an instantaneous temperature gradient is established. This charge 2 separation occurs near the electrode surfaces. The relationship between the characteristic time τ φ of thermovoltage developed and Debye length κ −1 , τ φ ∝ 1/D i κ 2 , explains this fast response [15] . D i is the ion diffusion constant. This theoretical result is a consequence of solving the set of equations (thermophoretic-induced ion current density, charge density, Poisson equation, and heat equation), assuming equal diffusion coefficients D i for anions and cations. Some experimental studies reported a very fast induced thermovoltage associated with charge separation as the temperature difference develops between the electrodes [7, [16] [17] [18] .
In the meantime, a long timescale response is also often reported for the thermovoltage in thermoelectric cells, which could be associated with the classical thermodiffusion characteristic time τ c given by τ c ∝ l 2 /D i , where l is the distance between electrodes [19, 20] .
In their theoretical study, Stout and Khair [15] also demonstrated that ion thermodiffusion through the thermoelectric cell takes a characteristic time τ ∝ l 2 /D i , as reported before in classical studies on the thermoelectric cell geometry [19] [20] [21] . This time dependence is due to the slow thermodiffusion or salt Soret effect that does not create a net charge separation in the bulk liquid (beyond the Debye layer) inside the cell. Thus, a change in thermovoltage due to the slow ion thermodiffusion towards the hot or cold electrode is not theoretically expected.
The physical picture changes if different diffusion constants are considered for anions and cations (D − = D + ). Chikina et al [22] have considered that a local charge separation (between ion pairs) occurs when the diffusion coefficients are different for anions and cations, thus generating the Seebeck effect in the cell. As a consequence, an electric field could be expected to appear through the solution due to different values for D i , in the same timescale as the concentration gradient develops in the entire cell. As both ion species diffuse through the solution due to the thermodiffusion effect, one faster than the other, an electric field is spontaneously generated from the ambipolar diffusion effect. In a recent theory, Janssen and Bier [23] obtained an equation for thermovoltage containing a slow response due to different diffusion coefficients and a fast response related to the difference in single-ion Soret coefficients [23] , including Stout and Khair's result as the specific case to D + = D − condition.
Electric fields from ion concentration gradients have been widely investigated in the process of inducing migration of nano and microparticles [24] [25] [26] , showing the importance to describe it precisely.
In this study, the thermoelectric voltage induced in a thermoelectric cell is experimentally investigated in some aqueous monovalent electrolytes. The electrolytes include acids, hydroxides, and salts, which have either positive or negative values for (α + − α − ) and (D + − D − ), as known from the literature [3] . Our main goal is to verify their thermoelectric response in the different timescales. We verify, for the first time, that some aspects predicted by recent theories [23] appear in the experimental results, like an opposite fast thermoelectric field between acids and hydroxides, and a more intense field for electroytes with high difference of diffusion constants D + − D − and sum of ion Soret coefficients α + + α − .
II. EXPERIMENTAL SECTION
The experimental setup of the thermoelectric cell consists of a single-volume cavity containing the liquid material between two metallic electrodes. This container consists of a solid Teflon-made annular ring (inner diameter: 16 mm; wall thickness: 2mm; height: 8mm). Two O-rings are used to seal the container by pressing the metallic electrodes with the Teflon separator. The distance between the electrode surfaces is kept fixed (l = 11 ± 1 mm) in all experiments, as shown in Figure 1 formly heating up the electrode. A DC electrical current around 1 A was applied to raise its temperature 10 K above the temperature at the bottom electrode, which was T cold = 293 K for all experiments. In both electrodes, temperature was measured using a type-K thermocouple connected to a digital multimeter. Its tips were connected to the electrodes (deep: 5 mm) through holes (diameter: 1 mm) made in the lateral part of the electrodes. The electrodes were designed to be supported by a sample holder (Solartron; 12962) as shown in the Supplementary material. The voltage difference between the electrodes was measured by a multimeter (Agilent U1252A), which was connected to a computer for automatic data acquisition. The data acquisition program records a voltage difference value every three seconds. Before applying the temperature difference, it was necessary to wait for the spontaneous potential difference (SPD) between electrodes to stabilize. This effect is due to a specific interaction between the electrodes' interface and electrolytes, where a passivated layer is formed due to oxidation or reduction of the metallic layer exposed to the liquid. It is also related to electrons the multimeter injects in the circuit in order to measure the potential Janssen and Bier [23] for the dynamics of ion charges in the thermoelectric cell were used for the physical interpretation of these results. They derived equations for V T (t) as a function of α ± and D ± and for ion concentration profiles c i (t) in the thermoelectric cell.
In the presence of a temperature gradient (in the x direction of the cartesian coordinates), the ion flux equations are as follows [1, 15] :
where n ± is the ion density of cations (+) and anions (-) with valence z ± , and E x is the The theoretical equation to the thermovoltage V T (t) obtained by Janssen and Bier [23] , is given by
where N j = (j − 1/2)π. By taking any pair of values for D ± the second term evolves in time many orders of magnitude slower than the last term, with separation between electrodes , we see that this is the case. In Table 1, Concentrations (c exp 0 ) are given in mM. The values for Q * + , Q * − , D + , and D − are those from Agar et al. [3] . A special case of the investigated electrolytes is aqueous KCl, which has the condition D + = D − . The slow time response of thermovoltage given by the second term of equation 2 is expected to be null, while our experiments show a slow thermoelectric field still develops even for that salt. This result points to the direction that equation 2 is still not a complete model for the reality of the thermoelectric experiment. Some of the effects neglected in current descriptions are electrodes polarization from differential ionic adsorption [27, 28] and specific interactions between electrodes and electrolytes [29] . From the theoretical point of view, the temperature dependence of single-ion Soret and mass diffusion coefficients are necessary to be considered in Janssen and Bier's theory [23] in order to obtain a more complete theory.
Our results show that thermovoltage changes in the different timescales for ∆V f and ∆V s . This dynamic response is only observable due to a large separation between the electrodes (l = 11 ± 1 mm) implying in characteristic thermodiffusion times τ c ∼ 10 4 s while temperature stabilizes until 1000 s. In some studies, the value for l is in the range 1 to 2 mm to assure homogeneity of the thermoelectric field in the cell [7, 30] , which means τ c 500 s. The temperature difference also stabilizes in the same timescale, and so does ∆V f (instantaneously with ∆T , τ φ ∼ 10 −8 s). Then, it may usually happen for ∆V f and ∆V s to change the measured value of ∆V (t) in the same timescale, generating an experimental result which is a monotonous curve and suggesting a single physical effect. In this study, we left aside the perfect homogeneity of the generated thermoelectric field, to study both thermoelectric contributions separated in time.
The physical mechanisms responsible for thermodiffusion of ions and organic molecules in water are the solution thermal expansion [31, 32] , temperature dependences of hydration energy [32, 33] , and hydrogen bonding [34, 35] . These mechanisms give rise to thermophoretic forces that drive the ionic Soret effect, with charge separation due to different single-ion Soret coefficients of anions and cations, and an electroneutral concentration gradient through the bulk solution. Both effects generate an electric field accounted by equation 2.
A. Consistency with previous experimental results
Our results presented the steady state (t → ∞) thermoelectric fields in the same direction for both acidic and basic solutions. It means that a charged nanoparticle would be driven in opposite directions when dispersed in acids or hydroxides. In the last few years, the thermodiffusion response of electrically-stabilized iron oxide nanoparticles in both acidic and basic solutions has been investigated. In the case of nanoparticles dispersed in acidic solutions, a total Seebeck coefficient S ≈ -1.5 mV/K (similar to the values obtained in the present study) was measured and used to predict the negative Soret coefficient for the positively charged nanoparticles, as observed experimentally [30] . In another publication, the experimentally obtained salt Soret coefficient of hydroxides [32] , which is peoportional to α + +α − , was used to predict the positive Soret coefficients of negatively charged nanoparticles in TMAOH and TBAOH, as also observed experimentally [36] . Thus, our present results are consistent with those obtained in previous studies, suggesting that the opposite S total sign predicted by equation 2 for acids and hydroxides, which does not fit the overall consistency from the many experimental results, may come from a still existing problem in modelling the Seebeck response from thermodiffusion effects.
In the case when a negatively charged nanoparticle is dispersed only by an ionic solution of NaOH, three different systems in literature [4, 36, 37] show that particles move to the hot side while our experimental results predicts the steady-state thermoelectric field should push them to the cold, like in the case of particles in TMAOH and TBAOH [36] . This may be related to salt specific effects, which is still an open question to be solved in thermodiffusion.
IV. CONCLUSIONS
This study presents experimental results on the thermoelectric voltage induced by temperature difference between electrodes in a thermoelectric cell filled with aqueous electrolytes.
The results show a fast change in thermovoltage related to temperature stabilization, followed by a slow change due to ion thermodiffusion in the bulk electrolyte solutions. We showed that the fast response is related to the difference α + D + − α − D − and the slow response is related to the differences between ions diffusion coefficients and proportional to the Soret coefficient of the salt α + + α − . Equation 2, from Janssen and Bier' theory [23] , predicts S total in the mV/K order of magnitude, indicating that thermodiffusive effects are the source of high Seebeck coefficients in aqueous electrolytes. A very good agreement has been found between the values predicted from their theory and our experimental results for some electrolytes.
A clear conclusion of this study is that the improvement of the thermoelectric voltage must be a combination of two factors: a high difference in α + D + − α − D − to improve the fast response and high α + + α − and D + − D − values to improve the slow response. It is also desirable that both thermoelectric fields have the same direction, as in acidic solutions.
Many material candidates, such as organic polyelectrolytes, which promise to increase the performance of thermoelectric cells, can be found in the literature [7, 8] . These electrolytes should be composed of macroions with high positive values for Q * i , whereas their counterions should have the lowest value as possible. The desired increase in the α + + α − values may be accomplished by increasing the temperature dependence of hydration free energy [32, 38] of the ions and/or macroions.
Figures S1 and S2 show the 12962-Solartron sample holder with the thermoelectric cell
in the open and closed conditions, respectively. In Figure S1 , it is possible to see the bottom electrode surface, which is in contact with the liquid when the cell is filled, whereas the upper electrode is kept away from it. Figure S2 shows the closed cell when ready for measurements, when a Teflon separator and two O-rings are between the electrode surfaces. Figures S3 and S4 show three measurements cycles for NaOH and KCl, respectively, with measurement reproducibility in time for ∆V (t).
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